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Introduction
Development is a continuous, constructive process during which individuals may be capable of responding to the environment by adjusting their phenotype to local conditions (West-Eberhard 2003; Frankenhuis and Panchanathan 2011a) .
Although, in principle, organisms might have the potential to respond to the environment throughout development, they often exhibit sensitive windows, which are periodstypically early in life-during which the phenotypic effects of the environment are particularly marked (Bateson 1979; Lindström 1999; Fawcett and Frankenhuis 2015) . Classic examples of sensitive windows include imprinting of sexual preferences in birds (Bateson 1966) , long-term effects of early hormone exposure on behavior (Kaiser and Sachser 2005; Ellis et al. 2011) , early growth conditions affecting life history in wild vertebrates (e.g., salmonids [Metcalfe et al. 1988 ], ungulates [Albon et al. 1987; Plard et al. 2015] , birds [Cam et al. 2003 ]), and fetal programming of cognitive and physical health in humans (Lucas 1998 ).
An intuitive explanation for sensitive windows is that there are constraints on an individual's ability to adjust its phenotype later in life (Dufty et al. 2002) , as seen in organisms with discrete life stages where, for example, adjustments after metamorphosis are not possible (Whitman and Agrawal 2009 ). However, differential sensitivity to the environment across development often occurs in the absence of constraints on plasticity (Bateson 1979; Hoverman and Relyea 2007) . This raises the question of whether long-term effects of early life experiences can evolve in the absence of such constraints. One intriguing possibility is that sensitive windows arise from adaptive developmental responses to the environment, through changes in an individual's informational and physiological states (Dufty et al. 2002; Frankenhuis and Panchanathan 2011a) . Experiences of the environment during development can have immediate effects on an individual's state-for example, its size, which affects statedependent behavior-and in so doing may feed back to influence future state ( fig. 1 ). For example, larger individuals may be less vulnerable to predation and so spend a greater pro-portion of time foraging, enabling them to become even larger still (Werner 1986 ). These experiences may have only small immediate effects but substantial delayed or carryover impacts at later life stages (Harrison et al. 2011) .
Long-term effects of early experiences may also arise if information is more valuable to individuals at an early stage, when a greater range of potential developmental trajectories and, hence, phenotypic outcomes are available (Dufty et al. 2002) . In this sense, offspring might be adaptively primed by early life information, from their parents or from direct interactions with the environment, to produce a phenotype best matched to the conditions they are likely to experience later in life (Gluckman et al. 2005a; Worthman and Kuzara 2005; Uller 2008 ). Such predictive adaptive responses are contingent on parental or early life cues reliably predicting the later environment (Burgess and Marshall 2014) : in cases where there is a mismatch between the predicted and realized environments, an inappropriate phenotype is developed and individuals may suffer a fitness cost (Gluckman et al. 2005b) . Thus, the strongest evidence for such adaptive plasticity has been found in species with a short life cycle relative to the rate of environmental change (e.g., Daphnia [Agrawal et al. 1999] and the butterfly Bicyclus anynana [Saastamoinen et al. 2010] ) where individuals in successive generations are likely to encounter similar conditions.
In spite of the growing empirical evidence of the longterm effects of early life experiences, there have-until recently-been few attempts to develop theoretical models on how such effects might evolve. In recent years, a collection of models have considered the adaptive use of information during development and its role in generating agedependent patterns of plasticity (reviewed in Fawcett and Frankenhuis 2015) . These models have demonstrated that heightened plasticity early in life can arise if environmental cues do not reliably indicate the environmental state-resulting in uncertainty about the most suitable phenotypeand if phenotypic adjustments entail physiological costs (Fischer et al. 2014) or opportunity costs, for example, when developing the appropriate phenotype for one environmental state reduces the time available for investing in alternative phenotypes suited to other states (Frankenhuis and Panchanathan 2011a) . Moreover, Panchanathan (2011a, 2011b) have shown that the duration of such sensitive windows may vary among individuals depending on experience: those who receive a more consistent set of cues about their environment lose sensitivity more rapidly.
Many empirical examples of the long-term effects of early conditions focus on aspects of growth and life history, such as age and size at maturation (Kuzawa et al. 2010; Lee et al. 2012; Douhard et al. 2013; Lee and Bussière 2013) . It is important to recognize that information gain and phenotypic adjustment are tightly coupled during growth (Stamps and Krishnan 2014) because food consumption results in both an increase in size and learning about food availability. Existing models of adaptive developmental plasticity (Frankenhuis and Panchanathan 2011a; Fischer et al. 2014) , however, have considered information gain and phenotypic adjustment either as mutually exclusive options or as independent processes. There is a rich body of theoretical work on adaptive growth trajectories (Case 1978) , in which some models have examined the link between early conditions, growth, and later life history. These models have primarily focused on salmonid life history (Thorpe et al. 1998; Satterthwaite et al. 2009 Satterthwaite et al. , 2010 and assume that individuals use their recent growth rate during an assumed fixed window as a cue in making life-history decisions. These growth models do not, however, explicitly address how continuous sampling of the environment across development can generate the evolution of sensitive windows at particular developmental stages. New theory is therefore needed to draw a link between these modeling approaches-on the continuous use of information, on the one hand, and on the process of growth, on the other-and assess whether the adaptive use of information during growth can generate sensitive windows in the absence of constraints on plasticity.
Here, we present a generally applicable proof-of-concept model demonstrating how the use of information during growth before sexual maturity can generate sensitive windows in development. In our model, individuals decide at each time step whether to mature or continue growing based on their size and their estimation of predation risk and food availability in their environment. We use Bayesian updating as a framework to model how individuals accrue information based on their own experiences and input from previous generations (Frankenhuis and Panchanathan 2011a; Fischer et al. 2014; Stamps and Krishnan 2014) . Outcomes of behavioral decisions (e.g., discovering food after a certain amount of time spent foraging) have a direct, coupled effect on an individual's phenotypic state (e.g., increase in size) and information state (e.g., increase in the probability that food is abundant). We quantify how the value of information changes across development by considering the difference in fitness when individuals gain information compared to when they do not gain information (McNamara and Dall 2010; Lister 2014) . We run simulation experiments to examine the effects of varying the accuracy of cues received at the start of life (which could represent genetic or parental information about conditions; Leimar et al. 2006; Shea et al. 2011; Stamps and Krishnan 2014) and of being exposed to temporary food supplementation or deprivation at different points in development on phenotypic outcome and reproductive success. Conducting these initial-cue and food-manipulation experiments in different environments allows us to explore the phenotypic and fitness consequences of experiences during growth that are matched or mismatched to the prevailing environment.
The Model
We consider a world comprising discrete patches that have high or low food availability and that differ in predation pressure (see below). A schematic diagram describing our model is given in figure 2. We assume a life history in which-following dispersal to a randomly selected patch after conception-individuals develop, reproduce, and die in the same patch. At each time step in development, individuals decide whether to stop growing and commence reproduction (i.e., mature) or to continue foraging in order to grow. If the latter, individuals also decide how much to forage. If an individual dies prior to reproduction, its realized reproductive value (V ) is zero. Otherwise, realized reproductive value is a sigmoidal function of the individual's size (S) at the onset of reproduction and depends on the environmental state (E i ; app. A; fig. 2B ; apps. A-C available online). Thus, our model describes growth until maturity and assumes that reproductive success is a function of both size at maturity and environmental conditions. This assumption can apply to both semelparous and iteroparous organisms but may not hold for species in which individuals continue to grow after they reach sexual maturity (i.e., indeterminate growth). We assume random natal dispersal as this allows us to focus on the case where individuals start life with maximum uncertainty about their environment. Our model is most relevant to organisms with low levels of dispersal during development or to scenarios where the rate of environmental change is much lower than the rate at which organisms encounter new environments.
While reproductive success increases with size at maturity in both environments, individuals in the high-food environment (E 1 ) benefit more from reaching a larger size, and small individuals have higher reproductive success in the low-food environment (E 2 ) than in the high-food environment ( fig. 2B ). We chose this relationship between size and reproduction to reflect two environment-specific differences in the costs and benefits of large body size. First, reproductive competition may be more intense in highfood environments-for example, if individuals have more time and energy to spend on competing for mates-thus individuals in these environments benefit more from having a large body size than they would in low-food environments. Second, the low food availability in low-food environments might impose a higher cost of maintaining large body size than it would in high-food environments, meaning it is better to be small (Jönsson 1997) .
If not maturing, individuals choose the proportion of the next time step to spend actively foraging, a (0 a 1). For a given level of foraging effort, individuals are more likely to be successful at discovering food in the high-food environment than in the low-food environment (fig. 2C):
where Pr(succ) denotes the probability that an individual is successful at finding a food item, and b i (b 1 1 b 2 ) is the probability of finding food at the maximum foraging effort (i.e., when a p 1). If a food item is found, size (S) increases by one unit; that is, size increases linearly with food consumption. We modeled growth in this simplified manner in order to examine general principles; more complex formulations of growth (e.g., a nonlinear decreasing function with age) may lead to more detailed predictions tailored to particular life histories. The probability of mortality per time step, m, increases as an accelerating function of a, the slope of which depends on the environment ( fig. 2D ):
where m 0 is the baseline mortality at zero foraging effort (constant across environments), m i is the environment-specific increase in mortality, and g controls the shape of the relationship between foraging effort and mortality (g 1 1). Here, in the main text, we consider a scenario where foraging entails lower risks in the high-food environment (m 1 ! m 2 ). Such coupling of predation risk and food availability could occur when high-food environments have high vegetation cover, thus providing more food and more shelter from predators. In appendix A, we consider two additional scenarios: one with constant predation risk across environments (m 1 p m 2 ), and one where individuals in the high-food environment suffer higher risk of predation (m 1 1 m 2 ). This latter situation can arise when more productive environments support higher densities of predators. See table 1 for a summary of all model parameters and baseline values. We use stochastic dynamic programming (Houston and McNamara 1999; Clark and Mangel 2000) to identify op- Figure 2: Schematic diagram outlining the model setup and describing the reproduction, growth, and mortality functions. a, Life-history decisions faced by the model organism at each time step (whether to mature and reproduce or forage and continue growing) depending on its state (size, S, and belief, P). b, Relationship between size at maturity and realized reproductive value in the high-food (blue, solid line) and low-food (orange, dashed line) environments. Relationship between probability of finding food (c) or probability of being predated (d) depending on foraging effort in the high-food (blue, solid line) and low-food (orange, dashed line) environments. Note that we select a holometabolous insect as an example model, but our model is a general one and can apply to other scenarios such as sessile marine invertebrates with pelagic eggs. Images: butterfly larva, from J. G. Wood, Third Natural History Reader (Boston School Supply, Boston, 1896, p. 182, retrieved from http://etc.usf.edu/clipart/3100/3125/grub_1.htm); butterfly adult, from Worthington Hooker, The Child's Book of Nature (Harper, New York, 1886, p. 47, retrieved from http://etc.usf.edu/clipart/3200/3236/butterfly_3.htm).
timal decisions (whether to mature and how much to forage), which maximize reproductive value given current state. This framework provides a natural way to integrate the dynamic course of development with the optimization principles of evolutionary biology (Frankenhuis et al. 2013 ). In our model, an individual's state has two components: size, S, and an estimated probability (belief ), P, that it is in the high-food environment. Belief P is updated throughout development in a Bayesian manner, whereby at each time step, an individual's updated belief depends on both the new information sampled and its previous belief (for further explanation, see McNamara and Houston 1987; Mangel 1990; Hilborn and Mangel 1997; Clark and Mangel 2000; McNamara et al. 2006; Valone 2006; Trimmer et al. 2011 ; for similar models treating information as a state variable, see Mangel and Roitberg 1989) . Information is thus based on cumulative experience. We explore the impact of an initial belief at the start of development, such as when information is inherited through genes or maternal effects (Leimar et al. 2006; McNamara and Dall 2010; Shea et al. 2011; Stamps and Krishnan 2014; English et al. 2015) . Details of the dynamic optimization and Bayesian updating equations are provided in appendix A. Note that our approach operates through value iteration: age at maturity emerges from statedependent decisions rather than it being assumed that individuals must mature within a fixed number of time steps. For decisions before maturity, we measure the benefit of using information from foraging experiences to adjust optimal foraging effort. This value of information (V INFO ) is calculated as the difference between the reproductive value for a given state and the reproductive value for the same state but when behavior has not been updated according to experience (for a similar approach, see McNamara and Dall 2010) . Specifically, for a given size and information state {S 0 , P 0 }:
where Pr(surv, succ) and Pr(surv, fail) denote the probability that an individual survives and succeeds in finding food or survives and fails to find food, respectively; subscript plus and minus signs denote values for updated belief (P) if an individual finds food or fails to find food, respectively; and a * S,P is the level of foraging effort that optimizes expected reproductive value for individuals of size S and belief P (see app. A). Note that we do not use S 0 1 1 in the first term of the right-hand side of equation (3) in order to separate the value of information (current estimate, P) from the value of growth (and learning about the environment through having survived; Welton et al. 2003) .
We then run three simulations to explore how foraging experiences shape development. First, we run a baseline simulation where individuals are born with maximum uncertainty of being in the high-food or low-food environment, that is, a prior probability of being in the high-food environment (hereafter, starting belief ) of P p 0:5. Second, we investigate the importance of information at the start of the growth period using simulations in which the starting belief is P p 0:1 or P p 0:9. Third, we investigate sensitivity to the environmental conditions across development using simulations in which the probability of food encounter is fixed at 0.1 (temporary deprivation) or 0.9 (temporary supplementation) for a period of 10 time steps, starting at 0, 10, 20, 30, 40, or 50 time steps into development. We select these windows such that they occur before the age of maturity (maturity being based on state rather than being time limited, as explained above) and take up a substantial fraction (about 10%) of an individual's development. We conduct all manipulations in both environments, thus allowing us to investigate the effect of starting beliefs or experiences that are matched (e.g., P p 0:1, or temporary deprivation in the low-food environment) or mismatched (e.g., P p 0:9, or temporary supplementation in the low-food environment) to the environment. For all simulations, individuals are initialized with a size of S p 1 at birth. Each simulation is run using 10,000 individuals. Fitness is measured by multiplying the proportion of individuals that survive to maturity with the mean reproductive value of survivors (depending both on size at maturity and fig. 2B ). To visualize changes in state and the value of information across age, we repeat the simulations without mortality for 100 individuals. The model was written in the C11 programming language, and the simulation data were processed and plotted using R (R Development Core Team 2013). All scripts and simulation data are available online at Github: http://dx.doi.org/10.5281/zenodo .35322 (English 2015) .
Results
The optimal size at maturity increases as individuals become more certain that they are in the high-food environment (i.e., as P increases), and the optimal foraging effort (a * ) is higher in the environment with lower predation (figs. 3a, A1a, A1d; figs. A1-A4 available online). For comparison, we also derive an analytical solution for the optimal foraging effort and size at maturity for an individual that has perfect knowledge of the environmental state, based on the assumptions that behavior is optimized to maximize the growth-to-mortality ratio (Werner and Gilliam 1984) and that individuals mature when the reproductive value from doing so outweighs that from continuing to grow (see details in app. B). The analytical predictions closely match those from the dynamic optimization in the case where individuals have perfect knowledge of the environmental state (P p 0 or P p 1; app. B). Simulated developmental trajectories for individuals starting life with a uniform prior (P p 0:5) demonstrate that most individuals learn, rapidly and correctly, which environment they are in and mature at the appropriate size ( fig. A2) .
Both the value of information and the sensitivity of behavior to particular foraging experiences are greater earlier in life and decline gradually across development ( fig. 3b,  3c ). These developmental patterns are as expected from the optimal decision array ( fig. 3a) , where individuals with a starting belief of 0.5 first traverse the area of state space with more variability in foraging effort before they become more sure of the environment (see example trajectories in app. C). We find similar patterns when predation and food positively covary between environments ( fig. A1d-A1f ) but find little variation over time in the value of information when predation is constant as there is essentially no variation in optimal foraging effort ( fig. A1a-A1c) . Henceforth, we consider only the two scenarios with differential predation to explore information use across development. In the main text, we focus on the scenario with positive covariation between predation and food, while in the appendixes, we present corresponding results for negative covariation.
How Does Starting Belief Affect Phenotypic Development?
In spite of opportunities for learning during development, there is a lasting effect of having a strong starting belief of Figure 3 : a, Optimal foraging effort, a * , in relation to information state (belief of being in the high-food environment, P) and size (S), when the high-food environment also has lower predation. Values are shaded on a spectrum from white (a p 0:6) to red (a p 1:0), as explained in the legend. Gray indicates states in which the individual should mature. b, Age-dependent change in the value of information (median and interquartile range) for 100 individuals developing in the high-food (solid line, blue shading) or low-food (dashed line, orange shading) environment. c, Age-dependent change in mean foraging effort (for 200 individuals across both environments) -that is, the extent to which foraging effort varied from one time step to the next-depending on whether an individual found food (black solid line) or did not (red dashed line). Summary data are based on values until the minimum age at maturity in each environment (b) or across both environments (c) so that trends are not obscured by reductions in sample size due to individuals maturing. being in the low-food or high-food environment on age and size at maturity compared to individuals who start life with maximal uncertainty (P p 0:5; fig. 4 ). Individuals with a starting belief of 0.1 mature at a later age than the baseline in both environments ( fig. 4a, 4d ) , as they adopt a lower foraging effort under the belief that they are in the more dangerous environment ( fig. 3a) and take longer to reach the maturation boundary. The effect of starting belief on size at maturity depends on whether it is matched to the true environment. Individuals with a matched starting belief (0.1 in the low-food environment, 0.9 in the high-food environment) mature close to the size that is optimal for that environment, that is, the maturation size of individuals that have perfect knowledge of the environment. A mismatched belief, in contrast, results in individuals maturing too large in the low-food environment and too small in the high-food environment ( fig. 4b, 4e ). These long-term phenotypic effects of the starting belief are weakly reflected in differences in fitness ( fig. 4c, 4f ) , with individuals having a mismatched starting belief tending to have lower reproductive success than those who start life with an accurate belief about their environment. The long-term effects of starting belief on developmental outcome-in terms of size at maturity and, thus, reproductive success-are similar between the scenario presented here, where high-food environments have low predation and low-food environments have high predation, and the scenario in which levels of food and predation positively covary ( fig. A3 ). The effects on age at maturity differ, however, because individuals with a starting belief of 0.1 mature faster than those with a starting belief of 0.9, owing to higher optimal foraging effort in the low-predation (and low-food) environment.
What Are the Long-Term Effects of Experiencing Temporary Food Deprivation or Supplementation at Different Stages of Development?
Heightened sensitivity to the experience of food deprivation and supplementation in early life is evident in terms of age at maturity. Individuals experiencing a period of tem- porary supplementation mature at an earlier age, whereas those experiencing a period of temporary deprivation delay maturation. There is a stronger effect of deprivation and supplementation when experienced early in life, compared to later in development, for individuals in the low-food environment ( fig. 5a) . Similarly, the effect of deprivation is stronger earlier in life for individuals in the high-food environment, although the effect of supplementation does not vary with age ( fig. 5d) , presumably because the optimal foraging effort is at its maximum in the high-food environment ( fig. 2a) . In general, there is no age-dependent sensitivity to deprivation or supplementation in terms of their effects on size at maturity or reproductive success ( fig. 5 ). Individuals experiencing temporary food supplementation mature at a larger size than is optimal in the low-food environment (where optimal refers to the size at which individuals who have perfect knowledge would mature), regardless of whether this experience occurs early or late in development ( fig. 5b ). Individuals experiencing temporary deprivation mature at a smaller size than is optimal in the high-food environment, again regardless of when this experience occurs. In the highfood environment, individuals have reduced reproductive success when they experience food deprivation and elevated reproductive success when they experience supplementation ( fig. 5e ) across all time periods. The effect of deprivation or supplementation on reproductive success is not detectable for individuals in the low-food environment ( fig. 5c, 5f ), potentially due to compensatory changes in foraging behavior ( fig. C4 ). We also find age-dependent sensitivity to experiences in terms of age at maturity but not size at maturity or reproductive success, when food availability and predation positively covary ( fig. A4 ). In this case, however, early life experiences have stronger effects than later experiences only when they are mismatched to the prevailing environment (e.g., supplementation in the low-food environment), whereas matched experiences have a stronger effect later in life.
Discussion
Using a state-dependent model of growth and maturation in an uncertain environment, we have shown that foraging Age at onset of 10-step manipulated foraging experiences Figure 5 : Effect of conditions experienced in specific developmental periods on age at maturity (a, d ), size at maturity (b, e), and reproductive success (c, f ) for individuals in the low-food (orange, upper panels) and high-food (blue, lower panels) environments. Individuals either experience temporary deprivation (food encountered with probability 0.1, open circles and dashed lines) or supplementation (food encountered with probability 0.9, filled circles and lines). Mean 5 SE values across 10,000 individuals are shown (some values are so small that the error bars are not visible), with values from the baseline scenario for comparison (triangle and dashed gray line). Values on the X-axis denote age at the start of the 10-step developmental window for each period (B p baseline).
behavior is more sensitive to local conditions earlier than later in life for individuals born with maximum uncertainty about their environment. This occurs in tandem with a decline in the value of information with age, as individuals are born uncertain and then gradually learn about their environment. Indeed, this general feature of informational models-that uncertainty is reduced as information is gathered (Mangel 1990 )-leads to the expectation that, all else being equal, experiences early in life should have the strongest phenotypic effect (Fawcett and Frankenhuis 2015) . Furthermore, our model shows that information at the start of life (akin to inherited genes or maternal effects) can have long-term effects on age and size at maturity. Experiencing temporary food supplementation or deprivation early in life can also affect age at maturity, and mostly (but not always), the effect is stronger than those of experiences later in life. These long-term effects on the phenotype do not always translate into substantial fitness differences, however, because of compensatory changes in behavior. Below, we outline the rationale for these results and discuss their implications for empiricists interested in measuring the longterm effects of early experiences. Our model shows that both information and phenotypic effects of foraging experiences can result in long-term effects of early experiences without the need for direct costs or constraints on plasticity. An individual experiencing temporary food deprivation early in life, for example, is both smaller in size (phenotypic effect) and more convinced that it is living in the low-food environment (information effect). Most empirical studies on the long-term effects of early life experiences on dispersal, adult size, and reproductive success in wild vertebrates have focused on phenotypic changes and have invoked costs and constraints on plasticity (e.g., Mitchell et al. 2011; Douhard et al. 2013; Lee and Bussière 2013) . It would be insightful for empiricists interested in such long-term effects to also measure changes in informational state across development to see whether such long-term effects necessarily require constraints in order to evolve. It is likely that the effect of information gleaned from experiences early in life will be stronger in systems where the pace of environmental change is much longer than the generation time or dispersal distance of individuals and that early life cues are thus reliable indicators of later conditions. It may not be surprising then that the strongest evidence for predictive adaptive responses to early cues has been found in species with a short life cycle, for which individuals in successive generations are likely to encounter similar conditions. In Daphnia, for example, mothers who experience highpredation environments produce offspring with more antipredator defenses (Agrawal et al. 1999) , and in the butterfly Bicyclus anynana, individuals who experience early life stress develop a phenotype that incurs a lower cost of dispersal (Saastamoinen et al. 2010) . In long-lived species, where early life cues are typically less reliable, adaptive phenotypic responses to such cues are less likely (Hayward et al. 2013; Douhard et al. 2014) , and thus constraints may be necessary to explain long-term effects of early experiences.
What is the evidence for early experiences specifically influencing informational state during development? Recent studies have shown that developmental stress influences how animals might acquire information, through effects on exploratory behavior, learning performance, and social learning strategy (Krause et al. 2009; Boogert et al. 2013; Brust et al. 2014; Farine et al. 2015) , but these studies have not directly measured the informational state of individuals. We suggest that researchers could attempt to measure their subjects' belief state through changes in their behavior (e.g., foraging effort and mating effort) under different environmental conditions, but this would require some understanding of what the optimal decisions should be in particular conditions. Controlled laboratory observations and learning trials would facilitate such measurements, for example, by following established methods of measuring information acquisition while foraging (Krebs et al. 1978) or more recent social psychology approaches to measuring information use and decision making in humans (Bronfman et al. 2015) . Applying these methods to measuring developmental decisions in wild animals may prove more of a challenge, but we believe this could lead to new insights into why sensitive windows occur early in life across a range of natural systems.
Proponents of the developmental programming hypothesis in humans often argue that early life conditions have stronger effects when mismatched to the later environment experienced (Gluckman et al. 2005a) , as exemplified by the finding that individuals born during famine conditions have higher risk of coronary and metabolic diseases later in life under improved nutritional conditions (Roseboom et al. 2006) . Our model predicts a more complex pattern: the effect of environmental mismatch on the long-term consequences of experiencing a temporary change in food availability depends on the background environment. This environment specificity of long-term effects is in line with several empirical studies that have detected effects of early experiences only in particular adult environments. For example, in preindustrial humans and roe deer (Capreolus capreolus), early life conditions have stronger effects on reproductive success and adult mass, respectively, in adverse adult environments (Rickard et al. 2010; Douhard et al. 2013) . In zebra finches (Taeniopygia guttata), the long-term effects of early conditions on immunity are detectable only under favorable adult environments (De Coster et al. 2011) , while the effects of developmental stress on later learning and phenotype appear only under harsh conditions (Brust et al. 2014) . Many empirical studies measure only the effects of one type of manipulation in one environment (e.g., Kaiser et al. 2003; Careau et al. 2014 ), and we encourage where possible that researchers conduct tests in different contexts (e.g., both experimentally increasing and reducing foodavailability) under both benign and adverse conditions.
Our model also predicts that experiences in early life will not always exert stronger effects than those later in life. Indeed, when food and predation positively covary, experiences matched to the environment have stronger effects when they occur later in development ( fig. A4 ). It is thus important that tests of early life conditions repeat the same treatment at different stages of development to demonstrate unequivocally the existence of sensitive windows, rather than focusing exclusively on an early stage of development as in most previous studies (e.g., Kuzawa et al. 2010; Douhard et al. 2013 ; but see Hopwood et al. 2013; Wong and Kölliker 2014) .
Although our model predicts long-term effects of information at the start of life and experiences during development on later-life phenotype, these do not translate into measurable effects on fitness. This is likely due to robustness in the system: through state-dependent behavior, individuals are continually adjusting their phenotype to maximize their expected reproductive success given local conditions ( fig. 1) . By adjusting their foraging effort and the age at which they mature, individuals can modify their age-specific survival and size at maturity to mitigate the effects of changes in the environment. Detrimental effects of early life conditions in our simulations were small because of the shape of the fitness landscape, which enables different life-history strategies to achieve similar reproductive success. Thus, observations of long-term effects of early environmental conditions may not necessarily be associated with detectable fitness outcomes and, hence, may have limited impact at the population level even if they change the life-history trajectories of individuals. This caveat may be of interest to those studying the link between early development and the onset of metabolic disease in humans, where an effect on health is not necessarily the same as an effect on fitness even though the term "maladaptive" is often used for these effects (Gluckman et al. 2007) .
We found that the value of information and sensitivity of behavior to experience declines with age, which is consistent with recent theoretical studies relating information use to patch choice (Lister 2014) and boldness (Stamps and Krishnan 2014) across development. Here, in common with several other models of adaptive developmental plasticity (e.g., Frankenhuis and Panchanathan 2011a; Stamps and Krishnan 2014; but see Fischer et al. 2014) , we assumed that the environment is unchanging over development (apart from our simulations of temporary food supplementation or deprivation). Our model could be extended to allow for local conditions potentially changing during development; for example, because the environment varies temporally (as is typical in many Bayesian models of learning during foraging; McNamara and Houston 1987; McNamara 1996; Tenhumberg et al. 2000; Eliassen et al. 2007) or individuals disperse during development. Environmental heterogeneity during development may weaken the long-term effects of early life experiences on age at maturity and may result in the value of information remaining high across development. It is also possible that adaptation to fluctuating environmental conditions increases the magnitude of effects of information use on behavior, as individuals should exploit good periods if they are not likely to persist (Higginson et al. 2012) .
Our model highlights how understanding the evolution of sensitive windows during growth requires an appreciation of the coupled dynamics of information updating and phenotypic change (Stamps and Krishnan 2014) . We have presented a theoretical framework to understand these dynamics and have suggested the types of empirical studies that can test our predictions. As well as modeling these coupled dynamics, there are several key differences between our model and previous models on information use during development (Frankenhuis and Panchanathan 2011a; Fischer et al. 2014; Lister 2014) . We assumed directional selection for larger size, regardless of the environmental conditions, and that phenotypic reversal (i.e., reduction in size) is not possible. This is in contrast to the focus on divergent specialization in previous models, where development toward the optimum phenotype for one environment implies either a less appropriate phenotype for the other environment (Fischer et al. 2014) or less opportunity to develop the appropriate phenotype for the other environment (Frankenhuis and Panchanathan 2011a; Fischer et al. 2014 ). Longterm effects of early life conditions readily arise when alternative phenotypes diverge in this way (Frankenhuis and Panchanathan 2011a; Fischer at al. 2014 ), but our model shows that similar effects can arise even when a larger body size is always preferable. We also allowed the timing of maturation to be flexible, in contrast to previous models that imposed a fixed end to development (Frankenhuis and Panchanathan 2011a; Fischer et al. 2014; Lister 2014 ). In the model of incremental development by Frankenhuis and Panchanathan (2011a) , the assumption of fixed developmental time resulted in opportunity costs, whereas in the case of unlimited plasticity modeled by Fischer et al. (2014) , phenotypic adjustments directly reduced survival or fecundity. In contrast, we showed that heightened sensitivity to experiences early in life can evolve in the absence of any such constraints on plasticity.
Our model assumptions make it most applicable to cases of adaptive developmental plasticity under an informational framework (Nettle and Bateson 2015) : individuals in the model respond to cues and can continually adjust their phenotype, unlike in the somatic-state-based framework whereby phenotypic adjustments are irreversible (as in some previous models). We hope that our model will provide an insightful starting point for future models with increased complexity, tailored to specific systems. Future models could, for instance, consider explicit physiological constraints that may impose costs of adverse early conditions, such as lagged costs of rapid early growth through accumulation of cellular damage (Metcalfe and Monaghan 2003) . As we state above, many empirical examples of early life experiences-particularly in long-lived species-are likely due to such physiological constraints. Our assumption that reproductive success is a function of size at maturity may mean that our predictions may not hold for those species with indeterminate growth; and we did not allow individuals to disperse away from poor patches, which might be the case in highly mobile species. Future developments could study the whole life history, although since there will be a positive effect of size at maturity even in organisms with indeterminate growth, we do not expect dramatically different results.
In summary, we have used a general model of biological growth with flexible timing of maturity to show that early life experiences can sometimes influence later life history even when there are no constraints on plasticity. There is growing appreciation that experience at particular times of life-often early in development-have striking effects on behavior, health, and reproductive success yet only recently have theoretical models attempted to explicitly address the question of how such effects might evolve. Our model shows that understanding how animals acquire and use information during development can lead to insights on why experiences at particular stages have strong effects on development. While these informational effects may be more challenging to measure in empirical studies than direct phenotypic changes, considering the availability and reliability of cues may lead to a better understanding of how sensitive windows have evolved, why they are more pronounced in certain systems, and whether they will only be detected under particular adult environments.
